Highlights d Protein-targeting ADP-ribosyltransferases (ARTs) act as interbacterial toxins d Immunity proteins protect from ARTs by toxin binding and ADP-ribose (ADPr) cleavage d A type VI secretion effector from Serratia acts via ADPr addition to FtsZ d FtsZ-ADPr blocks polymerization and cell division, leading to cell death SUMMARY ADP-ribosylation of proteins can profoundly impact their function and serves as an effective mechanism by which bacterial toxins impair eukaryotic cell processes. Here, we report the discovery that bacteria also employ ADP-ribosylating toxins against each other during interspecies competition. We demonstrate that one such toxin from Serratia proteamaculans interrupts the division of competing cells by modifying the essential bacterial tubulin-like protein, FtsZ, adjacent to its protomer interface, blocking its capacity to polymerize. The structure of the toxin in complex with its immunity determinant revealed two distinct modes of inhibition: active site occlusion and enzymatic removal of ADP-ribose modifications. We show that each is sufficient to support toxin immunity; however, the latter additionally provides unprecedented broad protection against non-cognate ADP-ribosylating effectors. Our findings reveal how an interbacterial arms race has produced a unique solution for safeguarding the integrity of bacterial cell division machinery against inactivating posttranslational modifications.
In Brief
A widely conserved toxin for interbacterial competition targets proteins for ADP-ribosylation, while antitoxins fight back using dual mechanisms of active site occlusion and enzymatic reversal of the modification, conferring broad immunity to diverse toxins.
INTRODUCTION
Microbial communities are of fundamental importance to virtually all natural ecosystems. Although the term ''communities'' implies cooperation, it is now appreciated that antagonistic behavior directed against closely interacting microbes serves as a key driver of composition and resilience within these consortia (Foster and Bell, 2012) . Reflecting this central role of antagonism, pathways dedicated to interspecies antibacterial toxin delivery occur broadly throughout both Gram-positive and -negative bacteria (Jones et al., 2017; Russell et al., 2014; Whitney et al., 2017) . These include the Esx pathway, prevalent in the phyla Firmicutes and Actinobacteria, and the type VI secretion system (T6SS), which is widespread in the phyla Proteobacteria and Bacteroidetes. Pathogenic bacteria may use these pathways to facilitate invasion of or dominance within polymicrobial infections, whereas for commensal organisms they can dictate compatibility within consortia (Sana et al., 2016; Speare et al., 2018; Verster et al., 2017) .
Contact-dependent interbacterial competition is generally mediated by secreted toxic effector proteins. Complex export machinery enables these effectors to access target molecules that reside within the cell envelope of competitor cells (Russell et al., 2011; Whitney et al., 2017) . The T6SS and Esx pathways deliver effectors indiscriminately; therefore, bacteria harboring effectors transported by these systems require a means of inhibiting self-intoxication. To date, protection against all characterized effectors of these systems has been shown to derive from the production of specific immunity determinants that bind cognate toxins and inhibit their enzymatic function (Alcoforado Diniz et al., 2015) . Cognate effector and immunity proteins, herein referred to as E-I pairs, are without known exception encoded adjacently.
Identification and characterization of toxic effectors from a growing number of species has revealed that these proteins exhibit tremendous sequence and biochemical diversity. For instance, large superfamilies of toxins that share little homology beyond conserved catalytic residues target amide or glycosidic bonds in the bacterial cell wall, DNA, membrane phospholipids, and the cellular metabolite NAD + (Alcoforado Diniz et al., 2015; Whitney et al., 2015) . By targeting highly conserved, essential primary metabolites, interbacterial effectors allow bacteria to compete effectively against a wide phylogenetic cross-section of organisms. Multiple toxins targeting a broad array of cellular structures are often employed simultaneously by a single delivery pathway, which promotes bacterial competitiveness via synergistic toxigenic activities and widens the environmental conditions under which at least one effector is efficacious (La-Course et al., 2018) . Despite a high degree of toxin diversity, genes encoding effector proteins of interbacterial antagonistic systems are often readily recognizable in bacterial genomes. These genes are typically characterized by 5 0 regions encoding conserved effector targeting domains and by polymorphic toxin modules encoded at their 3 0 ends. Targeting domains linked to T6SS effectors include PAAR, RHS, and VgrG, whereas LXG is the sole domain so far implicated in the recognition of antibacterial substrates by the Esx pathway (Cianfanelli et al., 2016; Whitney et al., 2017) .
Interestingly, there is substantial overlap in the modes of action of bacterial toxins that target eukaryotic host cells and those that target other bacteria. For instance, structurally related NADases of Pseudomonas aeruginosa and Mycobacterium tuberculosis are employed to neutralize competing Gram-negative bacterial cells and to induce necrotic cell death in human macrophages, respectively (Sun et al., 2015; Whitney et al., 2015) . In some cases, the same toxin may be capable of targeting cells of both domains, as described for T6SS-delivered phospholipases (Bleves, 2016) . These results point toward the important role that interbacterial antagonism can play in shaping the toxin repertoire and emergence of bacterial pathogens. Here, we describe an interbacterial toxin that inactivates the critical cell division protein, FtsZ, via ADP-ribosyltransferase (ART) activity. This toxin is the first characterized member of a large family of related ART toxins, with phylogenetically broadly distributed representatives bearing hallmarks of interbacterial effectors exported by the T6SS and the Esx pathway. Proteins with this activity, such as cholera and diphtheria toxins, are known to be widely utilized by pathogens (Simon et al., 2014) ; however, proteins with this activity have not previously been demonstrated to participate in interbacterial antagonism. Finally, structural analyses reveal that protection against ART toxins is conferred by bifunctional immunity determinants, which concomitantly utilize active site occlusion to inactivate cognate effector pro-teins and a promiscuous ADP-ribosylhydrolase (ARH) activity to reverse ART-catalyzed modifications more broadly.
RESULTS
Predicted ART and ARH Proteins Are Associated with Interbacterial Toxin Delivery Systems During the course of our efforts to define mechanisms of interbacterial competition, we found an uncharacterized protein domain common to predicted effectors of diverse contactdependent antagonism pathways. In Gram-negative bacteria, this domain is found in proteins also containing PAAR, RHS, or both of these domains, indicative of intercellular delivery via the T6SS pathway ( Figure 1A ; Table S1 ) (Cianfanelli et al., 2016) . In Gram-positive species, proteins with this domain additionally contain LXG domains, indicative of transit through the Esx pathway (Whitney et al., 2017) . In all cases, the uncharacterized domain resides at the C terminus of the protein-the stereotyped position in each of these systems for the toxin domain of their substrates. Subsequent sequence analyses showed that the domain possesses a constellation of conserved amino acids characteristic of RSE family ART enzymes ( Figure 1B) (Cohen and Chang, 2018) . Bacterial members of this family include eukaryotic cell-targeting toxins; however, members of this family are not known to act between bacterial cells.
ADP-ribosylation can be a reversible modification, and enzymes belonging to the ARH family are known to catalyze ADP-ribose removal (Cohen and Chang, 2018) . Interestingly, we noted that the genes immediately downstream of predicted antibacterial RSE family genes encode ARH family proteins (Figure 1C;  Table S1 ). Immunity determinants of interbacterial toxins are typically encoded in this position, suggesting that the role of these proteins may be to provide protection from ART-based intoxication via hydrolysis of ADP-ribose adducts. The active site of ARH proteins contains metal ions coordinated by a network of conserved, predominately acidic, residues (Berthold Figure 1 . Proteins Sharing Conserved Motifs with ART and ARH Proteins Are Associated with Interbacterial Toxin Delivery Pathways (A and C) Scaled depiction of representative genomic loci from the indicated species (Serratia proteamaculans, Pseudomonas caryophylli, Burkholderia mutltivorans, Listeria monocytogenes) encoding predicted ART (yellow) (A) and ARH (blue) (C) domain-containing proteins. Regions encoding N-terminal domains of T6SS (PAAR, RHS) and Esx system (LXG) substrates shaded in gray. Black bars designate location of bases encoding the noted residues conserved in ART and ARH proteins; residues targeted for mutagenesis in this study depicted in red. (B and D) Sequence logos generated from alignments of ART (B) and ARH (D) family proteins associated with bacterial contact-dependent antagonism pathways (locus tag numbers for genes encoding sequences used provided in Table S1 ). Sequences from characterized ART (CTX toxin) and ARH (DraG) proteins shown below for reference. See also Table S1 . et al., 2009) . These amino acids are conserved in the ARH family proteins we identified, further suggesting an enzymatic mechanism of immunity ( Figure 1D ). Taken together with prior bioinformatic analyses (Aravind et al., 2015) , these observations led us to hypothesize that toxins with ART activity are widespread mediators of bacterial competition.
A Predicted ART from Serratia proteamaculans Mediates T6S-Dependent Interbacterial Intoxication To investigate the potential for ART enzymes to mediate interbacterial antagonism, we initially focused on a predicted ART toxin of Serratia proteamaculans. This protein, which we termed Tre1 (type VI secretion ADP-ribosyltransferase effector 1), contains an N-terminal PAAR domain, a configuration consistent with known T6SS effector proteins ( Figure 1A ). Relative to control E. coli cultures, those expressing Tre1 or its c-terminal toxin domain (Tre1 tox ) displayed a significant loss in colony forming units (Figure 2A ). Time-lapse microscopy revealed that this loss in viability was associated with both cellular elongation and lysis (Figures 2B and S1A; Videos S1 and S2). To determine whether the toxicity of Tre1 derives from its predicted ART activity, we expressed a Tre1 tox protein in which the catalytic glutamic acid within the RSE motif is substituted with glutamine (Tre1 tox E415Q ) (Tsuge et al., 2003) . Despite expression levels matching that of Tre1 tox , this predicted catalytically inactive protein did not reduce E. coli viability, nor did it promote cell elongation and lysis to levels approaching the wild-type (Figures 2A, 2C , S1A, and S1B; Videos S1 and S2). Co-expression of Tre1 tox with the predicted ARH family protein encoded downstream, which we subsequently refer to as Tri1, restored the viability of E. coli to that of the control (Figures 2A and S1A ). Together, these data demonstrate that Tre1 and Tri1 are an E-I pair, and they are consistent with the toxicity of Tre1 deriving from its ART-like domain.
We next sought to determine whether Tre1 functions as an interbacterial T6SS toxin. To this end, we used allelic exchange to generate a strain of S. proteamaculans bearing a deletion of the tre1 tri1 locus ( Figure S1C ). Growth competition assays performed under contact-promoting conditions revealed that this strain exhibits a fitness defect when incubated with wild-type, but not with S. proteamaculans lacking a functional T6SS (DicmF) ( Figure 2D ). To determine the contribution of the putative catalytic activity of Tre1 to this phenotype, we generated a S. proteamaculans strain expressing the E415Q allele from the native tre1 chromosomal locus (tre1 E415Q ). Tre1 E415Q was produced at the same level as the native protein, yet unlike wildtype S. proteamaculans, the strain producing this variant displayed equal fitness with Dtre1 Dtri1 in co-culture (Figures 2D and S1D) . These data show that Tre1 and Tri1 can function as a T6S-dependent E-I pair between cells of S. proteamaculans. (E) Interspecies competition experiments between the indicated S. proteamaculans donor strains grown in co-culture with the noted E. coli recipients, quantified as in (D). Data in (A), (D), and (E) are represented as means ± SD. Asterisks in (D) and (E) indicate statistically significant differences between competitive indices of a given donor strain toward the indicated recipients (p < 0.05). For experiments shown in (A), (D), and (E), n R 3. See also Figure S1 and Videos S1 and S2.
In other bacteria, T6S-exported toxins can be delivered to competing Gram-negative organisms and thus enhance the fitness of the producing organism during co-culture with other species. Indeed, we found that inactivation of the S. proteamaculans T6SS significantly diminished fitness in co-culture with E. coli (Figure 2E) . We next measured the contribution of the toxic activity of Tre1 to this phenotype. The S. proteamaculans tre1 E415Q strain was employed in this experiment, because removing a PAAR domain-containing effector can lead to a generalized structural perturbation of the secretory apparatus. Our results showed that Tre1 inactivation yields a strain with fitness intermediate to that of wild-type and DicmF strains, consistent with Tre1 constituting one component of a multi-part effector payload delivered by this S. proteamaculans T6S pathway ( Figure 2E ). Ectopic expression of Tri1 in E. coli abrogated the tre1-dependent fitness advantage of wild-type, further confirming the contribution of this toxin to antagonism of E. coli by S. proteamaculans ( Figure 2E ).
Structure of the Tre1-Tri1 Complex Reveals Two Distinct Immunity Mechanisms
Bioinformatic analysis of Tri1 suggested that, unlike previously characterized immunity determinants of toxins delivered between bacteria, it could provide protection from intoxication via an enzymatic mechanism. However, we found that Tri1 stably interacts with Tre1, a feature shared with immunity proteins that function by inhibiting the active site of their cognate toxin (Figures S2A and S2B) . To gain insight into both the mechanism of Tre1-induced toxicity and of Tri1-mediated immunity, we determined a 2.3 Å X-ray crystal structure of Tre1 tox in complex with Tri1 ( Figure 3A ). Phases were obtained experimentally (C and D) Structural alignments of Tre1 (C) and Tri1 (D) with previously characterized ART and ARH proteins, respectively (gray). Region of Tri1 comprising the NTE is indicated. (E) Diagram of regions shared between Tri1 proteins and previously characterized ARH proteins (blue; NTE found only in predicted ARH domaincontaining immunity proteins). Gaps present in sequence alignments not shown. Conservation at each position (15-amino acid window) is shown above for all NTE-containing ARH domain proteins. (F) Proportion of the NTE segment consisting of the indicated secondary structure elements. For Tri1-Sp (dark gray), percentages determined from current structural analysis (PDB:6DRH, 6DRE); for other Tri1 homologs (light gray), percentages represent average values from prediction analyses performed using GeneSilico Metaserver (n = 22 representative sequences). (G) Magnification of the active site of Tre1 tox in complex with Tri1, showing electrostatic and hydrogen bond interactions between Arg32 of Tri1 and the catalytic glutamic acid (Glu415) of Tre1 tox . (H) E. coli cells recovered following induction of heterologously expressed Tre1 and the indicated Tri1 alleles or empty vector control. Left (dark gray): expression of both proteins controlled by the pBAD promoter and induced by 0.2% arabinose. Right (light gray): Tre1 expression controlled by the T7 promoter and induced by IPTG (0.01 mM), and Tri1 controlled by pBAD and induced by arabinose (indicated concentrations). Data are presented as means ± SD. Asterisks indicate significant differences in viability between populations expressing the indicated Tri1 variant proteins and the wild-type Tri1 control, when induced with 0.1% arabinose (p < 0.05, n R 3). See also Figure S2 and Tables S2 and S3. using selenomethionine-substituted protein, and molecular replacement with the resulting model was used to solve the structure of the native crystal in a second space group (Table S3 ). In our structure, the exclusively a-helical Tri1 and mixed a,b-Tre1 share an extensive interaction surface (2,604 Å 2 ) consisting of two distinct regions: the plane formed between the two globular domains of the proteins (1,178 Å 2 ) and an interface formed by a 65-amino acid N-terminal extension (NTE) of Tri1 (1,550 Å 2 ). This striking structural feature of Tri1 extends away from the core of the immunity protein, reaches into the active site of the toxin, and at its distal end returns to pack into the Tre1 tox -Tri1 globular domain interface ( Figure 3A and 3B).
The structure revealed that Tre1 shares a high degree of similarly to the catalytic domains of RSE-type ART enzymes ( Figure 3C ) (Cohen and Chang, 2018) . Among this large and diverse group of proteins found in both bacteria and eukaryotes, Tre1 is most similar to a subset of those which ADP-ribosylate arginine residues, including iota toxin from C. perfringens (2.1 Å root-mean-square deviation [RMSD], 148 residues) (Tsuge et al., 2003) . Like these proteins and ARTs more broadly, the active site of Tre1 is formed at the interface of two sub-domains, an N-terminal a-helical domain and a C-terminal domain that includes the b-sheet core of the protein. Examination of the predicted NAD + -binding site of Tre1 revealed conserved placement of the canonical R-S-E catalytic triad and surrounding motifs ( Figure 3C ).
The structure of Tri1 supported our bioinformatics predictions that place the protein in the ARH family. Indeed, the single tertiary structural distinction from DraG, a bacterial ARH protein involved in the regulation of nitrogen fixation, is that DraG lacks the NTE of Tri1 ( Figures 3D and 3E ). DraG and related ARH proteins possess a dinuclear Mn 2+ or Mg 2+ active site in which the metal ions are coordinated by a network of conserved, predominately acidic, residues (Berthold et al., 2009) . These residues and their overall topology are conserved between DraG and Tri1; however, we identified only one Mg 2+ in the Tri1 active site (Figures 3D and 3E) .
All T6SS immunity proteins characterized to date protect against intoxication by a single mechanism-occlusion of the active site of cognate effectors. The structure of Tri1 suggested that this protein may employ two mechanisms of immunity against Tre1: active site occlusion via its NTE and removal of the Tre1 product via its apparent ARH active site. To test this hypothesis, we evaluated the ability of Tri1 variants defective in these mechanisms individually or in combination to protect against Tre1-based intoxication. Removal of the NTE yielded insoluble protein, thus we scanned contacts between the active site of Tre1 and a2 within the Tri1 NTE to identify candidate substitutions that could specifically disrupt the interaction. We noted that the guanidinium group of Arg32 of Tri1 engages in electrostatic and bidentate hydrogen bond interactions with the catalytic glutamic acid of the toxin (Glu415) ( Figure 3G ). Based on these observations, we speculated that substitution of this residue with glutamate (Tri1 R32E ) would disrupt the Tri1 NTE-Tre1 active site interaction. Inactivation of the putative ARH active site of Tri1 was achieved by substituting aspartate 161 with asparagine (Tri1 D161N ); an analogous substitution of this key cat-alytic residue within DraG reduces the activity of that enzyme to undetectable levels (Berthold et al., 2009) .
Heterologous expression in E. coli was employed to evaluate the ability of the Tri1 variants to protect cells from intoxication by Tre1 tox . Despite expression levels similar to the native protein, Tri1 R32E D161N failed to protect cells against Tre1 tox (Figures 3H, left, and S2C) . Under the same conditions, Tri1 variants bearing substitutions to the ARH active site or NTE individually inhibited Tre1 tox -induced toxicity to an extent indistinguishable from the wild-type. To more systematically interrogate the capacity of the two Tre1 inhibition modes of Tri1 to act independently, we developed an expression system in which levels of Tre1 tox and Tri1 could be modulated by separate inducer molecules. Using this system, we identified expression regimes in which the contribution of both postulated Tri1 immunity mechanisms could be discerned ( Figure 3H , right). In summary, these data indicate that Tri1 can provide immunity against Tre1 via two structurally distinct mechanisms.
Our structural and genetic results highlight the functional significance of the Tri1 NTE. This is in agreement with our finding that many predicted ART-inhibiting immunity factors, particularly those found in Gram-negative bacteria, have a short (30-60 amino acids), non-conserved region N-terminal to their ARH domain ( Figures 1C and 3E ; Table S1 ). Although these N-terminal segments share little primary sequence conservation, structure prediction suggests that they adopt a fold consisting almost entirely of a-helical and random coil secondary elements, matching the structure observed in the NTE of Tri1-Sp ( Figure 3F ). Based on these data, we postulate that the dual mechanism of ART inhibition by Tri1-Sp is a widely conserved feature of ARH-family immunity proteins.
Tre1 Modifies a Functionally Essential Site of FtsZ under Physiological Conditions
To this point, our data supported a model in which Tre1 functions in interbacterial antagonism via the ADP-ribosylation of proteins within target cells. To define candidate substrates of the toxin, we subjected cellular proteomes derived from E. coli expressing Tre1 tox or Tre1 tox E415Q to mass spectrometry. This analysis identified nine ADP-ribosylated (ADPr) peptides deriving from seven proteins in Tre1 tox samples; no ADPr peptides were detected in control E. coli lysates containing Tre1 tox E415Q (Figures 4A and S3A-S3I). Our search considered all previously identified amino acid targets of ART enzymes (Cys, Gln, Arg, Asn, Thr, Glu, Asp, Lys) (Cohen and Chang, 2018) ; however, we detected exclusively ADP-ribose-Arg as the product of Tre1 tox . This finding is consistent with the amino acid targeting specificity of the RSE family ART enzymes most structurally related to Tre1 (Fu et al., 2007) . Under the overexpression conditions employed in this assay, the targets of Tre1 include essential proteins involved in cell division (FtsZ), translation (EF-Tu), RNA metabolism (RNase E), and lipoprotein transport (LolD). Additionally, non-essential proteins that nonetheless contribute to critical cellular processes including central metabolism (SucB), translation fidelity (ribosomal protein L9), and the global regulation of transcription (Fis) were also modified by the toxin. ART overexpression could lead to non-specific protein modification and thus obscure the identity of physiological target(s).
The following lines of evidence suggested that among those proteins identified by our mass spectrometric analyses, FtsZ, an essential cell division factor, is a physiologically relevant target of Tre1. First, we conducted a similar mass spectrometric analysis on lysates derived from E. coli expressing a homolog of S. proteamaculans Tre1 (Tre1-Sp) from Pseudomonas putida GB-1 (Tre1-Pp) (45% identical over 217 amino acids in the toxin domain). This revealed FtsZ as one of four candidate Tre1-Pp targets in common with those of Tre1-Sp ( Figures 4A and S3J ). Second, cells experiencing Tre1-based intoxication morphologically phenocopy those with dysfunctional cell division machinery, including dramatic elongation apparently caused by a failure to septate ( Figure 2B ; Video S1). Third, the amino acid position of FtsZ modified by both Tre1-Sp and Tre1-Pp, Arg174, is conserved across the Enterobacteriaceae, and it was previously identified as a critical functional site in E. coli FtsZ that is non-permissive to substitution (Koppelman et al., 2004) . Therefore, modification of Arg174 by Tre1 could afford S. proteamaculans a fitness advantage against competitors from related species likely to inhabit an overlapping niche.
If FtsZ were a physiologic target of Tre1, we reasoned that the protein should be modified by the toxin within recipient cells during interbacterial competition. The tryptic peptide bearing Arg174 of FtsZ is identical between S. proteamaculans and E. coli. Therefore, to facilitate specific enrichment of the protein from recipient cells, we generated an E. coli strain in which native ftsZ is substituted with an allele coding for a functional hexahistidine-tagged variant of the protein (FtsZ-His 6 ) (Oliva et al., 2003) . We subjected this strain to conditions promoting contact with S. proteamaculans and subsequently employed stringent denaturing conditions to isolate E. coli FtsZ-His 6 from intoxicated cells. Analysis of the resulting sample by mass spectrometry provided clear evidence of ADP-ribosylation of FtsZ at Arg174 during interbacterial competition ( Figure 4B ). Moreover, modification of this site was not observed in a parallel experiment employing S. proteamaculans tre1 E415Q .
Next we sought to link our biochemical evidence of FtsZ ADPribosylation to the phenotypic outcome of intoxication by intercellularly transferred Tre1. We were unable to obtain viable E. coli expressing singly an ftsZ allele coding for an Arg174 variant of the protein, thus precluding several straightforward means of establishing this link. Instead, we exploited the distinctive morphological consequence of FtsZ inactivation-cell elongation-as a phenotypic proxy for its targeting by Tre1 during interbacterial competition. Following contact with wild-type S. proteamaculans, we observed a significant increase in the frequency of highly elongated E. coli recipient cells relative to starting populations (Figures 4C, S3K, and S3L). A population of E. coli contacting S. proteamaculans tre1 E415Q also became elongated, although these were observed at significantly lower frequency. We speculate that the latter is due to the action of other T6S toxins of S. proteamaculans ( Figure 2E ). In total, these data indicate that FtsZ is a physiologically relevant target of S. proteamaculans Tre1. Our data further suggest that ADP-ribosylation of FtsZ by Tre1 disrupts cell division, leading to cell elongation.
Tre1-Catalyzed ADP-Ribosylation of FtsZ Inhibits Z Ring Formation
In exponentially growing cells, FtsZ localizes predominantly to the mid-cell. There, in a GTP-dependent fashion, dynamic filaments of the protein assemble to form a characteristic ring, referred to as the Z ring, which templates the cell division machinery, including peptidoglycan biosynthetic enzymes (Erickson et al., 2010) . As a first step toward determining how FtsZ function is affected by ADP-ribosylation, we used timelapse fluorescence microscopy (TLFM) to visualize Z ring dynamics in Tre1-intoxicated cells. For these studies, we employed cells coding for a functional FtsZ variant containing mNeonGreen inserted at a permissive site in place of the wild-type ftsZ allele (FtsZ-FP) (Moore et al., 2016) . Importantly, in the three-dimensional structure of FtsZ, the site of mNeonGreen insertion is distal to Arg174, the residue targeted by Tre1. Prior to induction of Tre1 and throughout a 60 min course of Tre1 E415Q induction, FtsZ-FP was pervasively observed as an apparent ring at cell septa ( Figures 4D-4F ; Video S3). However, within 10 min following induction of the active toxin, the fraction of cells with clearly formed Z rings decreased appreciably. By 60 min post-induction, intact Z rings were rarely observed and, instead, FtsZ-FP appeared distributed in a collection of puncta throughout the cell. These changes in FtsZ dynamics corresponded closely in time with inhibited cell division, as quantified by cell area ( Figure 4F ).
Our TLFM data suggested that the activity of Tre1 disrupts the capacity of FtsZ to form or maintain Z rings. These findings within cells motivated us to further dissect the mechanism of Tre1mediated FtsZ inactivation using in vitro approaches. We began by measuring the capacity of Tre1 tox to act on purified FtsZ. Our assays demonstrated that Tre1 tox ADP-ribosylates FtsZ with $16-fold greater efficiency than a control protein, bovine serum albumin (BSA) ( Figure 5A ). Notably, this finding is consistent with FtsZ acting as a preferred, but not exclusive substrate, of Tre1 in vivo ( Figure 4A ).
In the presence of a molecular crowding agent and GTP, purified FtsZ initiates filament formation that can be monitored in real-time using 90 angle light scattering (Mukherjee and Lutkenhaus, 1999) . Using this assay, we found that pre-incubating FtsZ with 10 nM Tre1 tox in the presence of NAD + for 5 min prior to the addition of GTP abrogates filament formation ( Figure 5B ). Detectable Tre1 tox -mediated effects on FtsZ polymerization were observed at toxin concentrations as low as 0.5 nM, whereas no significant inhibition was observed with 10 nM Tre1 tox E415Q . Filament length measurements derived from negative stain electron micrographs of these samples supported the light scattering results ( Figures 5C and 5D ).
The finding that Tre1 inhibits FtsZ filament formation does not rule out the possibility that Tre1 also disassembles or destabilizes existing filaments. A dual mechanism such as this could allow the toxin to act with greater efficiency in vivo. However, when we treated pre-formed FtsZ filaments with Tre1 tox in the presence of NAD + at concentrations exceeding that likely obtainable in vivo, we did not observe changes in light scattering indicative of filament perturbation ( Figure 5E ). Taken together with our TLFM findings, these in vitro data strongly suggest that Tre1 inhibits cell division by interfering with the capacity of FtsZ to polymerize.
The amino acid position of FtsZ that is the preferred site of modification by Tre1, Arg174, resides on a loop located proximal to the protomer interface in the filamentous form of the protein ( Figure 5F , top). This observation led us to hypothesize that Tre1 inhibits FtsZ polymerization by allosterically interfering with inter-subunit interactions. As a first test of the feasibility of this mechanism, we performed molecular modeling using in silico-generated FtsZ Arg174-ADP ribose ( Figure 5F , middle). These studies clearly indicated the capacity of Arg174-ADP ribose to block several intermolecular interactions of likely importance to the formation of FtsZ filaments ( Figure 5F , bottom). To further interrogate the hypothesis, we generated Tre1-modified FtsZ subunits and added these at varying stoichiometries to FtsZ polymerization reactions. In preparing ADPr FtsZ subunits, excess ADP-ribosylation was avoided by limiting NAD + to a concentration equimolar with that of FtsZ. Light scattering analyses showed that ADPr FtsZ subunits poison polymerization of the unmodified protein ( Figure 5G ). Although it is difficult to directly correlate light scattering values to filament length, the dose-dependent effect of modified subunits on the maximal light scattering value observed is consistent with their capacity to bind and terminate growing filaments. In total, our in vitro and in vivo data support a model for Tre1-based cellular intoxication in which the effector generates ADPr FtsZ subunits that poison polymerization and thus inhibit Z ring formation and cell division.
Promiscuous ARH Domains Confer Broad Protection against ART Toxins
With FtsZ defined as a substrate of Tre1, we sought to determine whether, as predicted by our structural and genetic analyses, Tri1 is able to act reciprocally on the protein. Indeed, we found that the wild-type immunity protein, but not Tri1 D161N , catalyzes the removal ADP-ribose adducts from Tre1-treated FtsZ ( Figure 6A ). Interestingly, in these assays we noted that Tri1 hydrolyzes ADP-ribose moieties from FtsZ and BSA with similar efficiency. This promiscuity of Tri1 raised the possibility that immunity proteins containing ARH domains may have the capacity to hydrolyze ADP-ribose modifications broadly and thereby provide protection against non-cognate ART toxins. This contrasts with previously characterized immunity determinants, Bottom: R174-ADPr in alternative rotomer that induces steric clashes between protomers. The FtsZ monomer structure was generated with MODELER based on FtsZ from Staphylococcus aureus (PDB: 5MN4) (Wagstaff et al., 2017) , and the polymer was generated based on crystallographic symmetry. (G) Effect of adding FtsZ-ADPr at the indicated ratios to polymerization reactions of unmodified FtsZ. FtsZ-ADPr subunits were generated by incubating with an equimolar concentration of NAD + to avoid excess ADP-ribosylation. Total FtsZ concentration (FtsZ + FtsZ-ADPr) was kept at 12.5 mM in all assays, and polymerization was quantified as in (B).
which function exclusively through sequence-specific interactions with toxin active sites and thus inactivate only cognate and closely related toxins (Alcoforado Diniz et al., 2015) . Although the Tre1 homologs from S. proteamaculans and P. putida GB-1 modify a partially overlapping set of targets, the effectors diverge significantly (45% identity within the toxin domain). This corresponds to relatively low conservation of toxin-interacting residues in the NTE domains of the respective Tri1 homologs of the organisms (24% identity, amino acids 30-60) compared to that of the ARH domains of these proteins (60% identity, amino acids 65-C-term). In line with these observations, we failed to detect an interaction between Tri1-Pp and Tre1 tox -Sp by co-immunoprecipitation ( Figure S4A ). This lack of binding provided an opportunity to determine whether the hydrolase activity of ART immunity proteins is sufficient to confer protection against non-cognate ART toxins. We found that Tri1-Pp affords E. coli protection against Tre1-Sp-based intoxication to a level comparable to that of the cognate immunity protein, Tri1-Sp ( Figure 6B ). DraG, an ARH protein involved in regulating nitrogen fixation, did not provide protection from Tre1-Sp, indicating that broad substrate targeting is not a property shared by all ARH domain proteins ( Figures 6B and S4B) . The hydrolase activity of Tri1-Pp also accounted for the full extent of Tri1-Pp-mediated protection from Tre1 delivered by S. proteamaculans during interbacterial competition ( Figure 6C ). Notably, inactivation of the hydrolase domain of Tri1-Pp did not reduce P. putida fitness in the absence of intercellular Tre1-Sp delivery, suggesting that the ADP-ribose hydrolytic activity of this Tri1 homolog is dispensable for inhibition of its cognate effector.
Our findings did not rule out the possibility that the ARH activity of Tri1-Pp is specific and that its capacity to neutralize Tre1-Sp derives from the substrate overlap between this protein and its own cognate effector, Tre1-Pp (e.g., FtsZ). We therefore tested whether an ARH domain immunity protein from a distantly related species, the Gram-positive organism Listeria monocytogenes (Esx secretion ADP-ribosyltransferase immunity 1 [Eri1]), could also confer protection against Tre1-Sp. Remarkably, Eri1, but not a predicted catalytically inactive variant (Eri1 D69N ), significantly increased the viability of E. coli experiencing intoxication by Tre1 tox -Sp ( Figures 6D and S4C ). FtsZ proteins from Listeria and other Firmicutes lack Arg174, and the proteomes of these organisms are generally highly divergent, strongly suggesting that target(s) of Ere1 (cognate effector of Eri1)-likely delivered to other Gram-positive species by the Esx secretion pathwaydiffer from that of Tre1-Sp and Tre1-Pp. In total, these results support the hypothesis that the broad substrate specificity of ARH domains within immunity proteins enables them to provide protection from intoxication by diverse ART toxins.
If ARH domains are sufficient to confer broad protection against ART toxins, we reasoned that proteins containing these domains could provide a fitness benefit independent of a cognate effector. Position-specific iterative searching revealed that ARH domain proteins are broadly distributed across diverse bacterial taxa, and are largely found within strains that do not encode recognizable ART toxins ( Figure S5 ; Table S2 ). With the exception of DraG and the immunity determinants we study herein (Tri1-Sp, Tri-Pp, and Eri1), to our knowledge these proteins have not been characterized. To narrow our search for ARH domain proteins likely to provide immunity versus function in regulatory or housekeeping roles, we focused on those most homologous to Tri1 or Eri1 (>30% amino acid identity). In addition to genes belonging to E-I pairs, this search identified 95 predicted ARH immunity genes without adjacent toxin loci (Table S2 ). These isolated ARH domain immunity genes and those in apparent E-I pairs cluster together phylogenetically within three distinct paraphyletic clades, indicating the evolutionary relatedness of immunity genes found in both contexts and that ARH immunity function likely evolved independently on at least three occasions ( Figure S5 ).
One organism we found to encode an isolated tri1 is P. putida B6-2. We inactivated this gene and assessed competitiveness of the strain with S. proteamaculans. P. putida B6-2 Dtri1 displayed reduced fitness in competition with wild-type S. proteamaculans, but not a strain expressing catalytically inactive Tre1 ( Figure 6E ). Heterologous expression of Tri1 from P. putida B6-2 also increased the competitiveness of E. coli grown in co-culture with S. proteamaculans to a similar degree as expression of Tri1-Sp ( Figure 6F ). In total, our results indicate the capacity for promiscuous ARH proteins-isolated or operating in conjunction with a cognate effector-to provide defense against a diversity of ART toxins utilized by competing bacteria.
DISCUSSION
Proteins with ART activity are widely utilized by bacterial pathogens and were among the earliest toxins identified. Indeed, diphtheria toxin was the first bacterial enzyme shown to inactivate a host protein via covalent modification (Honjo et al., 1969) . The results we report herein suggest that ARTs are also widespread mediators of interbacterial antagonism. Given that encounters between bacteria vastly predate the evolution of eukaryotic cells, it is conceivable, or even likely that host-targeting ARTs evolved from ancestral proteins with antibacterial function. Our findings indicate that similar proteins can be targeted by both types of ART toxins; we show that the antibacterial ART of S. proteamaculans, Tre1, targets the bacterial cytoskeletal protein and tubulin homolog, FtsZ, while the structurally related iota toxin of C. perfringens modifies actin, a major component of the eukaryotic cytoskeleton (Aktories and Wegner, 1992) . Interestingly, both toxins specifically act on monomeric substrates and prevent polymerization.
Our bioinformatic analysis of polymorphic toxins with predicted ART activity led to the identification of a diverse collection of proteins for which the targets remain to be identified. Substrates modified by secreted antibacterial ARTs may encompass arginine or other residues on a variety of proteins, or they may potentially extend to nucleic acid or small molecule targets (Aravind et al., 2015) . Precedence for the antibacterial activity of DNA-targeting ARTs was recently established through the characterization of a toxin/antitoxin (TA) module found in Mycobacterium tuberculosis (Jankevicius et al., 2016) . Additional physiologically relevant targets of Tre1 may also exist. In heterologous expression experiments, we found that Tre1-Sp and Tre1-Pp modify small sets (n = 7) of proteins, whose constituents overlap to an extent that appears non-random (4/7). In addition to FtsZ, two essential proteins, EF-Tu and RNase E, were targeted by both toxins. Simultaneous inactivation of multiple essential proteins could have the benefit of thwarting or delaying the emergence of resistance. Given the non-native levels achieved by heterologous expression, the modification of these proteins by Tre1-Sp and Tre1-Pp may instead reflect their high abundance and arginine accessibility.
We found that Tri1 protects S. proteamaculans from self-intoxication by two distinct mechanisms: the removal of ADP-ribose moieties on Tre1-targeted proteins and toxin active site occlusion. The globular domain of Tri1 closely resembles DraG, an ADP-ribosylhydrolase with a housekeeping function unconnected to interbacterial competition. Supporting this relatedness, our phylogenetic analyses suggest that tri1-type immunity genes likely arose through duplication of housekeeping ARH genes, and that these events occurred independently on multiple occasions. Interestingly, inhibition of the Tre1 active site is mediated by the NTE of Tri1, which is not found in DraG. Selection for increased efficacy in blocking an incipient ART toxin could have led to ARH-ART protein interaction and evolution of the toxin active site-occluding NTE found in Tri1 and homologs. However, this trajectory raises the question of why Tri1 and related proteins retain functional ARH domains. Our results demonstrate that the promiscuous ADP-ribosylhydrolase activity exhibited by these proteins enables them to confer a fitness benefit during competition with species that produce divergent, non-cognate ART toxins. We find that genes encoding ARH domain proteins with NTEs are more common in bacterial genomes than corresponding E-I pairs, suggesting that the fitness benefit of the ARH domain is significant even when cognate toxins are lost. Interestingly, the antitoxin responsible for conferring protection from the recently described DNA-targeting ART toxin of M. tuberculosis, DarG, also exhibits both ARH and cognate toxin-binding activities (Jankevicius et al., 2016) . While the contribution of the interaction between DarT and DarG toward the antitoxin function of DarG remains to be determined, the similarities with the E-I pair interaction described here suggest the potential of parallel evolution.
Numerous independent experimental results in this study support the conclusion that bacterial intoxication by Tre1 results-at least in part-from ADP-ribosylation of the central bacterial cell division protein FtsZ. Perhaps most compellingly, we show that physiological levels of Tre1 potently inhibit FtsZ polymerization in vitro and we demonstrate that FtsZ within a recipient cell is ADP-ribosylated in a manner dependent on interbacterial delivery of functional Tre1 during competition with S. proteamaculans. FtsZ is an attractive target for proteinmodifying toxins, as it is highly conserved across bacteria, and interference with its function leads to rapid growth arrest and loss of viability (Dai and Lutkenhaus, 1991; Vaughan et al., 2004) . While Tre1 is, to our knowledge, the first toxin to be identified that covalently post-translationally modifies FtsZ, several other inhibitors of its function have been characterized. Housekeeping FtsZ-inhibitory proteins provide critical spatiotemporal regulation of cell division (Ortiz et al., 2016) . Interestingly, the toxin component of the E. coli toxin/antitoxin module CbtA/CbtB was recently shown to disrupt Z ring formation through interaction with the FtsZ H6/H7 loop (Heller et al., 2017) . However, the physiological role of this activity remains to be determined. E. coli phages l and T7 also each encode FtsZinteracting proteins that inhibit cell division during propagation of phage particles (Haeusser et al., 2014; Kiro et al., 2013) .
Our finding that Tre1 catalyzes site-specific modification of FtsZ in vivo raises the possibility that this toxin could be applied to dissecting the mechanisms of bacterial cell division. While FtsZ plays a well characterized role in septum formation and cytokinesis, aspects of the mechanism by which this occurs remain to be clarified. For instance, two recent studies have demonstrated that FtsZ filaments exhibit treadmilling behavior during Z ring formation, rather than forming a continuous, static structure as previously thought (Bisson-Filho et al., 2017; Yang et al., 2017) . Treadmilling, or the preferential addition of new subunits at one end of a polymer coupled with loss at the opposite end requires a means of establishing filament polarity; how this is achieved for FtsZ filaments remains unclear (Krupka and Margolin, 2018) . The ability of Tre1 to block FtsZ polymerization by modification of a residue located on one half of the monomer interaction interface could prove useful in testing different models for the mechanism by which polarity is produced (Wagstaff et al., 2017) .
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Bacterial strains and culture Bacterial strains under investigation in this study were derived from S. proteamaculans 568, P. putida GB-1 and P. putida B6-2 (Abebe-Akele et al., 2015; Tang et al., 2011; Wu et al., 2011) . Cultivation of these organisms was performed using Luria-Bertani media (LB) at 30 C. For S. proteamaculans, the medium was supplemented with 50 mg ml À1 kanamycin where necessary, and counterselection for allelic exchange was performed on nutrient agar plates supplemented with 15% (w/v) sucrose. For P. putida, media were supplemented with 25 mg ml À1 chloramphenicol, 25 mg ml À1 irgasan, and 30 mg ml À1 gentamicin as needed, and counterselection for allelic exchange was performed on LB plates supplemented with 15% (w/v) sucrose. Escherichia coli strains used in this study included DH5a and EC100 l pir for plasmid maintenance and toxicity assays, S17-1 l pir for conjugal transfer of plasmids into S. proteamaculans and E. coli, SM10 for conjugal transfer of plasmids into P. putida, C600 for competition experiments with S. proteamaculans, and BL21 (DE3) for purification of Tre1, Tri1, and FtsZ. E. coli strains were grown on LB supplemented with 150 mg ml À1 carbenicillin, 50 mg ml À1 kanamycin, or 25 mg ml À1 chloramphenicol as needed.
METHOD DETAILS
Bioinformatic analysis of ART and ARH domain proteins
The protein sequence of Tre1-Sp was submitted to the EMBL-EBI HMMMER server Jackhmmer (https://www.ebi.ac.uk/Tools/ hmmer/search/jackhmmer) for iterative searches against the UniprotKB database. All identified bacterial proteins were then analyzed by conserved domain searching to determine if they contained N-terminal domains associated with T6SS or Esx pathway substrates, including PAAR, RHS, VgrG, or LXG domains (Cianfanelli et al., 2016; Whitney et al., 2017) . Additionally, the genetic loci encoding each protein was examined for nearby (within 10kb) genes encoding predicted secretion system structural elements. For ARH domain proteins, the DraG sequence from Rhodopseudomonas palustris was used to search against the same databases as described above. Four iterations were run, and the results were filtered to include only bacteria. To perform phylogenetic analyses, these sequences were downloaded and aligned with Clustal Omega 1.2.4 using the default settings. The resulting multi-alignment was then trimmed using trimAl 1.2 (Capella-Gutié rrez et al., 2009) , so that only columns with less than 60% gaps were retained. Maximum likelihood phylogenetic inference was then performed using FastTree 2.1.9 (http://bioweb.pasteur.fr/packages/pack@ FastTree@2.1.9). ARH-domain immunity proteins were distinguished from those with other functions on the basis of 30% amino acid identity shared with one of the immunity proteins characterized in this study (Tri1 or Eri1) and genetic association with predicted ART toxins and T6SS or Esx pathway related genes. Additionally, orphan Tri1 proteins were distinguished from housekeeping ARH proteins by the presence of an NTE (30-60 amino acids in length). Sequence alignments and logos were generated by Geneious software (Biomatters).
Plasmid construction
All primers used in plasmid construction and generation of mutant strains are listed in Table S4 . Plasmids used for heterologous expression in E. coli in this study were pETDuet-1, pBAD18, and pBAD33. For pBAD33 E. coli expression constructs, genes were cloned with a fusion to either 3 0 VSV-G-linker (tri1-Sp and tri1-Pp) or 5 0 VSV-G-linker (eri1 and draG) with SacI and XbaI restriction sites introduced in the cloning primers. For pBAD18 expression constructs, tre1-Sp, tre1 , and tre1 tox -Pp (244-496) were cloned into the SacI and XbaI restriction sites. For the Tre1 and Tri1 purification constructs, the tre1 tox and tri1 genes were amplified and cloned into MCS-1 (BamH1 and NotI sites) and MCS-2 (NdeI and XhoI sites) of pETDuet-1, respectively, generating an N-terminal hexahistidine fusion to Tre1 tox . For the purification of Tri1 variants and homologs, full length tri1 was cloned into MCS1 of pETDuet-1 using the BamHI and NotI restriction sites. The resulting plasmids incorporate N-terminal hexahistidine tags into the Tri1 protein variants.
Site-directed mutagenesis was used to generate the desired catalytic substitution mutants in toxin and immunity proteins from pBAD18, pBAD33, and pET-Duet-1 plasmid(s). Primers containing the desired mutations were used in combination with a second primer facing in the opposite orientation to generate a copy of the expression construct plasmid containing the point mutations incorporated into the gene coding sequence. Dpn1 digestion was then used to remove template plasmid. The remaining amplicon was transformed into DH5a and selected by growth on plates containing carbenicillin to select for pBAD18 and pET-Duet-1 or chloramphenicol for pBAD33.
In-frame deletion constructs were generated utilizing the suicide vectors pRE118 for S. proteamaculans and E. coli, and pEXG2 for P. putida (Edwards and Donachie, 1993; Rietsch et al., 2005) . For the production of deletion constructs, 750 bp regions flanking the deletion were amplified, joined using splicing by overlap extension (SOE) PCR, and subsequently cloned into the appropriate vector. To generate the tre1 E415Q -SP mutation construct, 750 bp regions flanking the mutation with an additional overlapping extension consisting of the desired mutation were amplified and joined using SOE PCR and subsequently cloned into pRE118. Integration of constitutive fluorescent reporters at the attTn7 site of S. proteamaculans was achieved by co-transformation of pUC18R6Kmini-Tn7T-Km-gfp and the helper plasmid pTNS3 (Choi et al., 2008; Choi and Schweizer, 2006) .
Generation of mutant strains of S. proteamaculans, P. putida, and E. coli To generate deletions and point mutations of S. proteamaculans strains, mutation constructions in pRE118 were transformed into E. coli S17-1 l pir. E. coli S17-1 l pir donor strains carrying the mutation constructs and S. proteamaculans recipient strains to be mutated were grown overnight on LB plates containing antibiotics as appropriate, then scraped together to create a 1:1 mixture of each donor-recipient pair that was spread on an LB agar plate and incubated at 30 C for 6 hr to facilitate plasmid transfer via conjugation. Cell mixtures were then scraped into PBS and plated on minimal medium agar plates (100 mM HEPES-KOH pH = 7.0, 0.1% (NH 4 ) 2 SO 4 , 40 mM MgSO 4 , 0.2% (w/v) sucrose, 0.5 mM KH 2 PO 4 , 50 mg ml À1 kanamycin, 1.5% agar) to select for S. proteamaculans containing the mutagenesis construct inserted into the chromosome. S. proteamaculans merodiploid strains were then grown overnight in non-selective LB medium at 30 C, followed by counter selection by plating on nutrient agar plates supplemented with 15% (w/v) sucrose. Kanamycin sensitive, sucrose resistant colonies were screened for allelic replacement by colony PCR and mutations were confirmed by Sanger sequencing of PCR products.
For P. putida, mutation constructs in pEXG2 were transformed into E. coli SM10. Conjugation to enable plasmid transfer was performed as described above for S. proteamaculans, then plated on LB agar containing gentamicin and irgasan to select for P. putida with integrated plasmid. Merodiploids were grown overnight in liquid LB at 30 C, then plated on LB agar containing 15% (w/v) sucrose for counter selection. Gentamycin sensitive, sucrose resistant colonies were screened for allelic replacement by colony PCR and mutations were confirmed by Sanger sequencing of PCR products.
For expression of GFP in S. proteamaculans, pUC18R6K-mini-Tn7T-Km-gfp and the helper plasmid pTNS3 were co-transformed into S. proteamaculans strains by electroporation (Choi et al., 2008; Choi and Schweizer, 2006) . After 1 h outgrowth in nonselective medium, transformations were plated on LB with kanamycin to select for mini-Tn7 integrants.
To obtain an E. coli strain in which the native version of ftsZ was replaced with ftsZ-his 6 , we employed the strain JKD7-1/pKD3, in which chromosomal ftsZ is inactivated and a functional copy of FtsZ is expressed from a temperature sensitive plasmid (Dai and Lutkenhaus, 1991) . This strain was transformed with pJSB2-ftsZ-6His and grown overnight at 30 C on LB plates amended with carbenicillin, chloramphenicol, and 0.2% (w/v) glucose. Colonies from these plates were then streaked onto LB agar containing chloramphenicol and arabinose and incubated at 42 C to cure the strain of the temperature sensitive plasmid expressing native FtsZ, and retain pJSB2-ftsZ-6His as the sole source of functional FtsZ (Dai and Lutkenhaus, 1991; Redick et al., 2005) .
Tre1 toxicity assays
To assess the toxicity of Tre1 variants and protection conferred by expression of Tri1 variants, log phase cultures of E. coli DH5a or BL21 (DE3) harboring toxin and immunity genes in pBAD18, pBAD33, and/or pET-Duet-1 were grown under non-inducing conditions, then 10-fold serial diluted. Each dilution was plated onto LB agar plates containing carbenicillin to select for pBAD18 and pET-Duet-1 or chloramphenicol for pBAD33 and appropriate inducer molecules. Unless otherwise noted, expression of both toxin and immunity proteins from pBAD18 and pBAD33 was induced by the addition of 0.2% arabinose. Toxin production from pET-Duet-1 was induced by the addition of 0.01 mM IPTG.
Bacterial competition assays
For each competition experiment, donor and recipient strains were first grown for $18 hr in liquid LB medium. Liquid cultures were spun for 1 min at 17,900 x g to pellet cells, culture supernatant was removed, cells were washed once with fresh LB medium, spun again, and finally resuspended in LB. Cell suspensions were then normalized to OD 600 = 2.0. Mixtures of donor and recipient strains were then established at 1:1 (S. proteamaculans versus E. coli) or 10:1 (intraspecies competitions and S. proteamaculans versus P. putida) v/v ratios. Starting ratios of donor and recipient strains were established by performing 10-fold serial dilutions and plating on appropriate selective media (see below). Competitions were initiated by spotting 3 3 5 ul of each mixture on nitrocellulose filters placed on 3% (w/v) agar LB plates. When the recipient strain employed was E. coli, these plates additionally contained 0.2% L-arabinose to induce heterologous expression of Tri1 (or an empty vector control). Competitions were incubated for 6 h (quantification by plating) or 18 h (analysis by microscopy) at 30 C. Cells were then harvested by scraping individual spots from excised sections of the nitrocellulose filter into LB medium. Suspensions were serially diluted and plated on selective media for quantification of CFUs or were spotted on agarose pads placed on microscopes slides for visualization by phase contrast and fluorescence microscopy.
For intraspecies competition experiments, donor strains of S. proteamaculans were marked by chromosomal insertion of Km-gfp at attTn7, while recipient strains were unmarked; donor populations were quantified by enumerating CFU obtained on LB with kanamycin, and recipient populations quantified by subtracted this number from the total CFU enumerated on non-selective LB plates. For competitions between S. proteamaculans and E. coli, E. coli C600 containing the RP4 plasmid was used as the recipient strain background, and the donor strain was marked with kanamycin resistance as in the intraspecies competition experiments; donor and recipient populations were distinguished by plating on LB containing carbenicllin or kanamycin, respectively. For competitions between S. proteamaculans and P. putida, the kanamycin resistant donor strain was again employed, and the recipient strain was distinguished by its intrinsic resistance to chloramphenicol. Competitive indices for each experiment were determined by dividing the final donor to recipient ratio by the initial donor to recipient ratio.
Protein expression level analyses
To analyze the expression of all Tre1 and Tri1 variants, E. coli strains expressing the proteins from pBAD18 and pBAD33 were grown in LB medium supplemented with 0.2% arabinose at 37 C for 3 hr and harvested at an OD 600 of 1.0. For E. coli expressing toxins and the variants, Tri1-Sp was co-expressed to prevent cytotoxicity. To analyze the expression of Tre1 and Tre1 E415Q from the native locus in S. proteamaculans, cells were grown in LB medium at 30 C for 18 hr and harvested at OD 600 = 3.5. For each quantification assay, cell pellets were resuspended in lysis buffer (50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 5.0% (v/v) glycerol, 0.1% (v/v) Triton X-100, 1 mM EDTA, and 1 mM DTT) and then disrupted by sonication (10 pulses, 10 s each) and the solution clarified by centrifugation at 20,000 x g for 30 min. A sample of supernatant was then mixed 1:1 with 2X SDS-PAGE sample loading buffer. Samples in SDS-loading buffer were boiled at 95 C for 5 min and loaded at equal volumes to resolve using SDS-PAGE, then transferred to nitrocellulose membranes. Membranes were blocked in TBST (10 mM Tris-HCl pH 7.5, 150 mM NaCl 2 , and 0.1% w/v Tween-20) with 5% (w/v) non-fat milk for 30 min at room temperature, followed by incubation with primary antibodies (anti-Tre1 or anti-VSV-G) diluted in TBST for 1 hr at room temperature. Blots were then washed by TBST, followed by incubation with secondary antibody (Goat anti-Rabbit HRP conjugated) diluted in TBST for 30 min at room temperature. Finally, blots were washed by TBST again and were developed using Radiance HRP substrate (Azure Biosystems) and visualized using the Azure Biosystems c600.
Protein purification
To prevent cytotoxicity during overexpression in E. coli, all Tre1 constructs were coexpressed with Tri1 from pET-Duet-1 in E. coli BL21 (DE3). Stationary phase cultures of expression strains were used to inoculate 1 L of LB broth cultures containing carbenicillin, which were then grown to mid-log phase (OD 600 = 0.4 -0.7) in a shaking incubator at 37 C. Protein expression was induced by the addition of 0.1 mM IPTG followed by incubation at 30 C for 5 h. Cells were harvested by centrifugation at 7,000 x g for 30 min, followed by resuspension in 30 mL of lysis buffer (50 mM Tris-HCl pH 7.5, 500 mM NaCl, 5 mM imidazole, 1 mM DTT, 5% glycerol, and lysozyme). Resuspended cells were incubated on ice for 30 min then disrupted by sonication (10 pulses, 10 s each) and cellular debris was removed by centrifugation at 40,000 x g for 30 min. His-tagged Tre1 tox and associated protein was purified from supernatant by gravity flow through a 2 mL Ni-NTA agarose column. Bound proteins were then eluted using a linear imidazole gradient to a final concentration of 400 mM. The purity of each protein sample was assessed by SDS-PAGE followed by Coomassie Brilliant Blue staining. Where noted, protein samples were further purified by fast protein liquid chromotagraphy (FPLC) using gel filtration on a Superdex 200 column (GE Healthcare). Fractions with high purity were used in biochemical assays. Cells expressing selenomethionineincorporated Tre1 tox -Tri1 complex were grown in SelenoMethionine Medium Complete (Molecular Dimensions) using the expression conditions described above. Cell lysis, Ni-NTA affinity purification, and gel filtration were also performed as described above.
For experiments requiring free Tre1 tox , a denaturation and refolding strategy was employed to separate His-tagged Tre1 tox from Tri1. First, proteins were diluted 1:25 into denaturation buffer (50 mM Tris-HCl pH 7.5, 500 mM NaCl, 5 mM imidazole, and 8 M urea). Next, denatured proteins were run over a column containing 1 mL Ni-NTA agarose to selectively bind His-tagged Tre1 tox and removed dissociated Tri1. On-column refolding was achieved by washing the column with renaturation buffer (50 mM Tris-HCl pH = 7.5, 500 mM NaCl) followed by elution of refolded protein using 50mM Tris-HCl pH = 7.5, 500 mM NaCl, 300 mM imidazole. Protein samples were subsequently dialyzed against 20 mM Tris-HCl pH = 7.5, 150 mM NaCl, 5% (v/v) glycerol and stored in À80 C.
To purify untagged Tre1 tox , Tobacco Etch Virus (TEV) protease cleavage sequence (ENLYFQG) was inserted in pETDuet-1-tre1 tox +tri1 between the hexahistidine tag coding sequence and the tre1 gene. The same denaturation and refolding strategy described above was employed to separate His-tagged TEV-Tre1 tox from Tri1. His-tagged TEV-Tre1 tox was then incubated with 1 mg/mL His-tagged TEV protease overnight, followed by passing through 1 mL of Ni-NTA agarose to remove TEV protease, hexahistidine peptide, and uncut His-tagged TEV-Tre1 tox . Flow-through fractions with high purity of untagged Tre1 tox were pooled and used in binding assays.
For purification, FtsZ was overproduced in E. coli strain BL21 (DE3) transformed with the pET-11 expression vector containing the coding region of the gene. Cultures were grown in LB medium at 37 C to OD 600 = 1.0 and induced by adding 0.1 mM IPTG. After a 3-hr induction, cells were precipitated and resuspended in lysis buffer containing 50 mM Tris-HCl pH = 8.0, 100 mM NaCl, 1 mM EDTA, 5 mM MgCl 2 , 1 mM PMSF, and 0.1 mg/mL lysozyme. Resuspended cells were incubated on ice for 30 min then disrupted by sonication (10 pulses, 10 s each). Cellular debris was removed by centrifugation at 40,000 g for 30 min. The unwanted proteins in the supernatant were precipitated with 20% ammonium sulfate. The ammonium sulfate precipitate was discarded, and the supernatant was recovered and precipitated by raising the ammonium sulfate to 30%. FtsZ was then precipitated by centrifugation at 40,000 g for 30 min and resuspended in buffer consisting of 50 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM EDTA, and 5 mM MgCl 2 . The pellet was dialyzed against 50 mM Tris-HCl pH 8.0, 0.1 mM EDTA and 5% glycerol, aliquoted and stored frozen at -80 C.
Crystallization, X-ray data collection, and structure determination For crystallization of native Tre1 tox -Tri1 complex and selenomethionine-incorporated Tre1 tox -Tri1 complex, Ni-NTA purified protein was concentrated to 5 mg/mL by spin filtration (30 kDa cutoff, Millipore) and screened against commercially available crystallization screens (Microlytic). Diffraction quality crystals were obtained by sitting drop vapor diffusion at room temperature in a solution containing 0.1 M Na 2 HPO 4 / Citric Acid pH 4.2, 1.6 / 0.4 M NaH 2 PO 4 / K 2 HPO 4 . Native Tre1 tox -Tri1 complex crystals displayed the symmetry of space group P2 1 2 1 2 1 (a = 87.2 Å , b = 151.0 Å , c = 196.9 Å , a = b = g = 90 ), with four dimers in the asymmetric unit. Prior to data collection, crystals were cryoprotected in crystallization buffer consisting of 10 mM Tris-HCl pH = 7.5, and 250 mM NaCl, 30% (v/v) PEG3350, and 1 mM TCEP.
Crystals of the selenomethionine Tre1 tox -Tri1 complex were obtained at 5 mg/mL in identical crystallization buffer, mixed 1:1 with identical crystallization solution as the native complex. Selenomethionine Tre1 tox -Tri1 complex crystals displayed the symmetry of space group C2 (a = 136.3 Å , b = 510 Å , c = 94.9 Å , a = 90 , b = 123.7 , g = 90 ), with one dimer in the asymmetric unit. Prior to data collection, crystals were cryoprotected in crystallization solution as the native complex.
Native data were obtained at 1.000 Å wavelength and 100 K temperature at the BL502 beamline (ALS, Lawrence Berkeley National Laboratory). A complete dataset was obtained from one crystal. Initial molecular replacement approaches were not sufficient for solution. Highly redundant anomalous (MAD) data were obtained at 0.9795 Å (inflection), 0.9794 Å (peak), and 0.9770 Å (high) wavelengths from a single selenomethionine crystal. Data were processed using HKL2000 (http://www.hkl-xray.com/).
Heavy atom searching using phenix.autosol identified 12 possible sites, and refinement yielded an estimated Bayes correlation coefficient of 41.8 to 2.5 Å resolution. After density modification, the estimated Bayes correlation coefficient increased to 42.2. Approximately 70% of the selenomethionine model was constructed automatically, and the remaining portion was built manually. The current model (Table S2 ) contains one Tre1 tox -Tri1 dimer. A native Tre1 tox -Tri1 solution was obtained by molecular replacement with the resulting model. Refinement was carried out against peak anomalous data with Bijvoet pairs kept separate, and against native data using phenix.refine (https://www.phenix-online.org/documentation/reference/refinement.html) interspersed with manual model revisions using the program Coot (Emsley and Cowtan, 2004) and consisted of conjugate-gradient minimization and calculation of individual atomic displacement and translation/libration/screw parameters (Painter and Merritt, 2006) . Noncrystrallographic symmetry (NCS) torsion restraints were used in refinement of the native structure. Coordinates and structure factors are deposted in the RCSB PDB: 6DRE and 6DRH.
Secondary structure prediction Secondary structure protein predictions for the NTE in Tri1 homologs were carried out using GeneSilico Metaserver (https:// genesilico.pl/meta2). To select the NTE region for analysis, the sequences of Tri1 homologs were aligned with characterized ADP-ribosylhydrolases in the Protein Data Bank. The amino acid sequences upstream of the first a-helix shared among all ARH domains were selected as NTE. The percentage of secondary structure elements (a-helix, b-strand, random coil) are the average of representative predictors.
ADP-ribosyltransferase and ADP-ribosylhydrolase enzymatic assays ADP-ribosylation reactions were performed at 25 C for 30 min in a buffer consisting of 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 5 mM MgCl 2 and $5000 Bq/reaction [adenylate-32 P]-NAD + (PerkinElmer). Purified BSA and FtsZ were added at 2 -32 mM, and Tre1 tox was added at 10 nM as indicated. The reactions were terminated by the addition of 2X SDS loading dye and separated by SDS-PAGE, followed by soaking in gel fixing solution (10% glacial acetic acid, 25% isopropanol) for 30 min. The fixed gel was placed on a sheet of Whatman 3 MM filter paper, covered with plastic wrap and dried at 80 C for 1 hr under a vacuum using a conventional gel dryer (Bio-Rad). The gel was then exposed to a phosphor-imaging screen at room temperature overnight and incorporation of radiolabeled NAD + was detected by a Typhoon FLA 9000 biomolecular imager (GE Healthcare).
ADP-ribosylhydrolase substrates were obtained by incubation of 32 mM BSA and 2 mM FtsZ with 10 nM of Tre1 tox at 25 C for 30 min in the same buffer as used in the ADP-ribosylation reaction. The indicated concentrations of Tri1 and the Tri1 variant proteins were then added into the solutions. The reactions were incubated at 25 C for another 30 min and were then terminated and analyzed as for the ADP-ribosylation assays described above.
Proteomic analysis of ADP-ribosylated substrates
Overnight cultures of E. coli DH5a harboring pBAD18_tre1 tox or pBAD_tre1 tox E415Q were diluted in LB media to an OD 600 = 0.05. After incubation at 37 C for 2.5 hr, protein expression was induced by adding 0.2% (w/v) arabinose for 30 min and cells were harvested and resuspended in lysis buffer containing 100 mM ammonium bicarbonate, 8 M urea and 0.1% (w/v) RapiGest SF surfactant (Waters). The cell suspensions were then sonicated six times with 10 s pulse lengths followed by 30 min centrifugation at 20,000 g to remove cellular debris. 200 mg of each sample was then reduced with 5 mM TCEP for 1 hr at 37 C followed by alkylation using 10 mM iodoacetamide for 30 min in the dark at 25 C. Alkylation reactions were quenched using 12 mM N-acetyl-cysteine and subsequently diluted with 100 mM ammonium bicarbonate to reduce the urea concentration to 1.5 M. Samples were then treated with 10 mg of sequencing grade trypsin (Promega) for 16 hr at 37 C. The RapiGest SF surfactant was then precipitated by the addition of concentrated HCl (to pH 2-3) followed by incubation at 37 C for 15 min. Precipitated detergent was removed by centrifugation at full speed for 10 min. Samples were then diluted with 100% acetonitrile and 10% (w/v) trifluoroacetic acid (TFA) to a final concentration of 5% (v/v) and 0.1% (w/v) and applied to MacroSpin C18 columns (The Nest Group, Inc.) that had been charged with two washes of 100% acetonitrile followed by one wash with ddH 2 O. Bound tryptic peptides were then washed twice in 5% (v/v) acetonitrile, 0.1% (w/v) TFA before elution with 80% (v/v) acetonitrile and 0.1% (v/v) formic acid. For samples collected after interbacterial competition, His-tagged FtsZ of E. coli was enriched by applying cell lysate (prepared and clarified as described above) to a Ni-NTA agarose column. Bound FtsZ was eluted in elution buffer (50 mM Tris-HCl, pH 7.5, 300 mM NaCl, and 400 mM imidazole) and precipitated at À20 C overnight by 10% TCA and 80% acetone. Precipitated protein was then washed by cold acetone and resuspended in lysis buffer containing 100 mM ammonium bicarbonate and 8 M urea and prepared for mass spectrometry analysis as described above for whole cell lysates.
Peptides were analyzed by LC-MS/MS using a Dionex UltiMate 3000 Rapid Separation nanoLC and a Q Exactive HF Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher Scientific Inc, San Jose, CA). Approximately 1 mg of peptide samples was loaded onto the trap column, which was 150 mm x 3 cm in-house packed with 3 um C18 beads. The analytical column was a 75 mm x 10.5 cm PicoChip column packed with 3um C18 beads (New Objective, Inc. Woburn, MA). The flow rate was kept at 300nL/min. Solvent A was 0.1% FA in water and Solvent B was 0.1% FA in ACN. The peptide was separated on a 120-min analytical gradient from 5% ACN/ 0.1% FA to 40% ACN/0.1% FA. The mass spectrometer was operated in data-dependent mode. The source voltage was 2.10 kV and the capillary temperature was 320 C. MS 1 scans were acquired from 300-2000 m/z at 60,000 resolving power and automatic gain control (AGC) set to 3x10 6 . The top 15 most abundant precursor ions in each MS 1 scan were selected for fragmentation. Precursors were selected with an isolation width of 2 Da and fragmented by Higher-energy collisional dissociation (HCD) at 30% normalized collision energy in the HCD cell. Previously selected ions were dynamically excluded from re-selection for 20 s. The MS 2 AGC was set to 1x10 5 .
Proteins were identified from the tandem mass spectra extracted by Xcalibur version 4.0. MS/MS spectra were searched against the Uniprot E. coli DH5a strain database using Mascot search engine (Matrix Science, London, UK; version 2.5.1). The MS 1 precursor mass tolerance was set to 10 ppm and the MS 2 tolerance was set to 0.05 Da. A 1% false discovery rate cutoff was applied at the peptide level. Only proteins with a minimum of two unique peptides above the cutoff were considered for further study. The search result was visualized by Scaffold (version 4.8.3. Proteome Software, INC., Portland, OR). 90 angle light scattering assay 90 angle light scattering experiments were performed as described previously (Mukherjee and Lutkenhaus, 1999) . Purified FtsZ was added to a final concentration of 12.5 mM and pre-incubated with the indicated concentration of Tre1 tox in a buffer consisting of 50 mM HEPES-KOH pH = 7.5, 300 mM K-acetate, 5 mM Mg-acetate, 1 mM NAD + , and 20% (w/v) Ficoll PM70. The sample was equilibrated at 30 C for 5 min, followed by the addition of 1 mM GTP to begin polymerization. 90 light scattering was then measured every 2 s for 15 min in a fluorescence spectrophotometer at a wavelength of 350 nm (both emission and absorbance).
For measuring impact of Tre1 tox to the pre-formed FtsZ polymers, purified FtsZ was polymerized at 30 C as described above without pre-incubation with Tre1 tox and NAD + . The indication concentration of Tre1 tox and 1 mM NAD + were then added to the polymerized protein. Polymerization was quantified as described above for a total of 25 min.
To measure the effect of ADP-ribosylated FtsZ on polymerization of unmodified FtsZ, ADP-ribosylated FtsZ subunits were generated by incubation of 12.5 mM of purified FtsZ with 12.5 mM of NAD + and 10 nM Tre1 tox at 25 C for 30 min. The ADP-ribosylation reaction was terminated by the addition of 100 nM Tri1 immunity protein with catalytic mutation, D161N. The ADP-ribosylated FtsZ subunits were added at the indicated ratios to unmodified FtsZ and incubated for 5 min, followed by the addition of 1 mM GTP to begin polymerization. Polymerization was measured as described above.
Negative Stain Electron Microscopy
To visualize the effect of toxin on preformed polymers, purified FtsZ (12.5 mM) was incubated with 0, 0.1, or 10 nM of Tre1 tox in the assembly buffer (50 mM HEPES-KOH pH = 7.5, 300 mM K-acetate, 5 mM Mg-acetate, 9% (w/v) ficoll PM70) at 20 C for 30 min. FtsZ was then polymerized with addition of 1 mM GTP. After 30 min, the solution containing polymerized FtsZ was diluted 3 times with the assembly buffer. The diluted polymeric mixtures were adsorbed onto glow-discharged carbon-coated copper mesh grids for 60 s, washed once with assembly buffer and three times with deionized water, then stained with 2% uranyl formate for 30 s, and allowed to air dry. Grids were imaged using the FEI Tecnai Spirit 120 kV electron microscope equipped with a Gatan Ultrascan 4000 CCD Camera. The images were low-pass filtered to 20 Å to improve contrast. Polymers lengths in blinded frames from each sample were measured manually using the microscope scale bar.
Time-lapse fluorescence and phase contrast microscopy
Imaging was performed on a Nikon Eclipse Ti-E wide-field epi-fluorescence microscope, equipped with a sCMOS camera (NEO, Andor Technology) and arc lamp illumination for fluorescence imaging. We imaged through a 60X 1.4 NA oil-immersion objective, and maintained a constant focal plane using a Nikon Perfect Focus system. The microscope was controlled by NIS-Elements. An environmental chamber enclosed the microscope to maintain the temperature at 30 C during imaging.
Cells expressing Tre1 or Tre1 E415Q were prepared for microscopy according to the following protocol: (i) Cells were grown in LB medium at 37 C overnight. (ii) Overnight cultures were back-diluted to an OD 600 of approximately 0.05 and incubated for 90 min to OD 600 $0.4. One mL each of E. coli cells expression Tre1 tox or Tre1 tox E415Q was spotted on a thin LB with 0.2% arabinose agarose (0.2%-0.5%) pad on the surface of a microscope slide. To visualize cell morphology, we acquired phase contrast images for each sample at 5 min intervals.
For experiments where FtsZ-FP was visualized by fluorescence microscopy, cells were imaged using a CellASIC ONIX (Model EV262) microfluidic perfusion system paired with bacterial microfluidic plates (B04 plates from Merck). E. coli cells encoding FtsZ::mNeonGreen and carrying pBAD18 Tre1 tox or Tre1 tox E415Q were introduced into parallel chambers on the same microfluidic plate. Prior to induction, the LB medium within the chambers was constantly exchanged using flow pressure of 1 psi. 0.2% of arabinose was introduced into the medium 10 min after the start of image acquisition. To facilitate rapid solution switching, the LB-arabinose flow pressure was initially set to 8 psi for 1 min, and subsequently lowered back to 1 psi for the remainder of the experiment. A series of phase-contrast (to determine cell boundaries) and fluorescence images (to visualize FtsZ-mNeonGreen localization) of each sample were acquired with frames every min. For fluorescence imaging, arc lamp illumination was used with a Nikon GFP filter cube to select the appropriate wavelengths of excitation and emission light. Exposure time for fluorescence images was 300 ms. For imaging samples before and after competition, mixtures of S. proteamaculans attTn7::Km-gfp and E. coli were spotted on a PBS with 2% agarose pad placed on a microscope slide. Still images of the cells were acquired before and after 18 hr competition, including a phase-contrast image (to visualize cell morphology) and fluorescence image (to distinguish S. proteamaculans, which expressed GFP, from unlabeled E. coli) for each field of view.
Image analysis Alignment
The first step in our image processing method is to remove drift in the xy plane by aligning both the phase and fluorescence images against the first image in the dataset. The corrected alignment was retained for further analysis. To produce phase-contrast movies, the aligned frames were stacked and output in a movie format using build-in MATLAB functions. Segmentation and Linking Cell boundaries were computationally determined based on the phase-contrast image at each time point using the Wiggins Lab's freely-available software, superSegger (http://mtshasta.phys.washington.edu/website/ssodownload.php). For time-lapse images, the software links cells frame-to-frame. Cell masks were defined to include all pixels interior to the cell boundary. These masks were retained for further computation of cell properties. In particular, cell area was taken directly as the number of pixels in the cell mask multiplied by the pixel area.
Focus detection
Foci were detected in fluorescence images as described previously (Mangiameli et al., 2017) . Briefly, sub-regions around each intensity maximum were generated using a watershed process on the conjugate image. To exclude any intensity maxima that lie outside the cell boundaries, we considered only sub-regions that overlap with cell masks. Within these overlap regions, we precisely located foci by placing a circular 3-pixel-radius disk at the maximum-intensity pixel. The intensity profile within this circular disk was modeled as a Gaussian distribution:
where G 0 is the background intensity, G G is peak intensity, and b describes the focus width. The focus position is parameterized by x ! 0 .
When quantifying the number of foci per cell, we avoided false detection events by defining the focus score s as follows:
Where I A is the integrated background subtracted intensity within the three-pixel-radius region (with area A), and dI is the per-pixel the standard deviation interior to the cell mask, but exterior to any circular intensity regions. The focus score is a measure of the signal-tonoise ratio of a focus, and we rejected any foci scoring less than 3. Foci scoring below this cutoff were qualitatively consistent with stochastic fluctuations in intensity upon visual inspection of the images. In our quantification of FtsZ-mNeon green foci, we counted all foci scoring above the cutoff within each cell mask. We noted that an assembled Z ring appears as two punctate foci at the same long-axis position when the cell is viewed side-on.
Analysis of competition data
Snapshot images were first processed using superSegger (http://mtshasta.phys.washington.edu/website/ssodownload.php) to quantify and store cell properties of interest, particularly cell area and total fluorescence. S. proteamaculans were expressing cytoplasmic GFP and could thus be separated from E. coli based on high signal in the fluorescence image. The area distribution of E. coli cells was quantified before and after the competition, and the fraction of the E. coli population having areas greater than twice the median was recorded.
FtsZ structural model A structural homology model of E. coli FtsZ was created using the MPI Bioinformatics Toolkit and sequence alignment with HHpred (https://toolkit.tuebingen.mpg.de/). The model generated with MODELER (https://salilab.org/modeller/)-was based upon a crystal structure of Staphylococcus aureus FtsZ in the open conformation (PDB 5MN4) (Wagstaff et al., 2017) . A trimeric FtsZ polymer was generated based on crystallographic symmetry. An ADP-ribosyl group was manually modeled at E. coli FtsZ residue R174, using two different common arginine side chain rotamers. Model energy minimization and image rendering were performed with Chimera (https://www.cgl.ucsf.edu/chimera/).
Tre1 tox -Tri1 interaction assay
Purified N-terminally His-tagged Tri1-Sp and Tri1-Pp_GB-1 were incubated with 100 mL of Ni-NTA agarose beads for 1 hr at 4 C in a binding buffer (50 mM Tris-HCl pH = 7.5, 300 mM NaCl, 5 mM MgCl 2 , 5% glycerol, 0.1% Triton X-100, 5 mM imidazole, 1 mM DTT). Beads were then washed with excess binding buffer to remove unbound Tri1 proteins. Purified untagged Tre1 tox -Sp was then incubated with Tri1 containing Ni-NTA agarose beads for another 1 hr at 4 C, followed by a second wash step with excess binding buffer. Beads were then mixed 1:1 with 2X SDS-loading buffer and boiled at 95 C for 5 min. Bound proteins were analyzed by SDS-PAGE followed by Coomassie Brilliant Blue staining.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical significance in E. coli viability assays and bacterial competition experiments was assessed by unpaired t tests between relevant samples. Details of statistical significance is provided in the figure legends.
DATA AND SOFTWARE AVAILABILITY
The accession numbers for the coordinates and structure factors for the Tre1 tox -Tri1 complex reported in this paper are RCSB PDB: 6DRE and 6DRH, respectively. A B Figure S5 . ARH Domain Proteins Predicted to Function as Immunity Determinants Form Three Distinct Clades, Related to Figure 6 (A) Maximum-likelihood phylogeny of ARH-domain of a subset of proteins identified through position-specific iterative searching with DraG from Rhodopseudomonas palustris as a seed. Clades including immunity proteins characterized in this study, green; DraG-containing clade, blue. Branches corresponding to proteins characterized in this study are indicated by arrows. Clades consisting of sequences derived primarily from one phylum also labeled. (B) Sub-phylogeny of Tri1-Sp and Tri1-Pp related proteins derived from the tree in (A), indicating Shimodaira-Hasegawa test values from 1,000 resamples. A related ARH domain protein from Bradyrhizobium erythrophlei predicted to serve a housekeeping function serves as an outgroup.
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